A soliton-type erbium-doped all-fiber ring laser hybrid mode-locked with a co-action of arc-discharge single-walled carbon nanotubes (SWCNTs) and nonlinear polarization evolution (NPE) is demonstrated. For the first time, to the best of our knowledge, boron nitride-doped SWCNTs were used as a saturable absorber for passive mode-locking initiation. Moreover, the NPE was introduced through the implementation of the short-segment polarizing fiber. Owing to the NPE action in the laser cavity, significant pulse length shortening as well as pulse stability improvement were observed as compared with a SWCNTsonly mode-locked laser. The shortest achieved pulse width of near transform-limited solitons was 222 fs at the output average power of 9.1 mW and 45.5 MHz repetition frequency, corresponding to the 0.17 nJ pulse energy.
Introduction
At present, ultrashort pulse (USP) fiber laser sources attract much attention due to their perspective applications in science, industry, and medicine [1, 2] . Hence, further improvement of USP sources is still relevant. Following this strategy, a profound research of different cavity characteristics as well as various mode-locking techniques should be provided. The former implies a proper cavity design for a given USP source; the latter is necessary for reliable USP generation start-up and sustaining. It should be noted that for some particular tasks, e.g., fiber ring USP gyroscope development [3] , linear cavity design is absolutely inappropriate, making commercially available SESAM [4] unsuitable for mode-locking triggering.
To initiate and sustain USP generation in the ring laser cavity, saturable absorbers based on carbon nanostructures, such as single-walled carbon nanotubes (SWCNTs) [5] [6] [7] [8] [9] or graphene [9, 10] , are the most suitable. Compared to SESAMs, SWCNTs benefit from much easier fabrication techniques, the possibility of being used in both linear and ring cavities, and fast recovery time of less than 500 fs [11] . Furthermore, SWCNTs can be naturally dispersed in different polymer matrices, leading to the fabrication of high optical quality films that can be further incorporated into the laser cavity without breaking the allfiber setup as well as requiring mechanical or thermal adjustments [5] [6] [7] [8] [9] . Unlike SESAMs, SWCNTs exhibit saturable absorption over a much wider spectral band (up to 500 nm and more) due to the inherent distribution of SWCNTs diameters [5] [6] [7] [8] [9] , which can be quite useful for laser applications.
incorporation into a CNT mesh is possible due to the same single layer hexagonal lattice with almost the same spacing [13] . The effect of BN doping is in the bandgap energy ΔE increase for semiconducting SWNTs, which accounts for a controllable blueshifting of the peak wavelength corresponding to the S1 (E11) absorption band [12, 13] . In addition, a nonzero ΔE originates in metallic SWNTs. The increase of ΔE is supposed to arise from a contribution of two possible phenomena [12, 13] . One of them is SWNTs synthesis with smaller diameters, and the other is CNT electronic structure modification under BN incorporation. Thus, through appropriate synthesis conditions, optical properties of C:BNNTs can be varied in a controllable way.
However, despite the well-elaborated film fabrication technology, it is difficult to control such a crucial characteristic for laser mode-locking as an absorber response time during the SWCNTs-based film fabrication process. As a matter of fact, SWCNTs absorber response time, defined by a tube-tube interaction (excited state energy is transferred to metallic NTs with further quenching) [5, 11] strictly depends on the particular sample fabrication process. Moreover, a polarization dependence of a saturable absorption cannot be controlled as well, since SWCNTs orientations are randomly distributed. All these features account for pulse characteristic deterioration and, eventually, prevent the laser from a reproducible USP generation. It should be stressed that SWCNTsbased saturable absorbers (SA) are undoubtedly promised for fiber laser mode-locking, but, in turn, they should be strongly improved to assure a highly reproducible laser performance.
Nevertheless, stable generation of the shortest pulses can be realized with a hybrid mode-locking technique [14] that implies a co-action of two saturable absorbers-a slow saturable absorber such as SESAM or SWCNTs, and a fast one, such as a nonlinear polarization evolution (NPE) [15] based on the nonlinear Kerr-effect. Owing to the extremely fast nonlinear response of a Kerr-medium (which is ∼10 fs for silica glass [1] ) as compared to the SWCNTs recovery time (which is ∼500 fs) USP shaping primarily occurs due to the NPE action in the laser cavity. SWCNTs saturable absorber, in turn, not only facilitates mode-locking start-up but also provides a nonlinear filtering and spurious continuous wave (CW) radiation suppression [14] , significantly improving laser performance. Commonly the NPE is introduced by means of a combined polarizerisolator embedded into a cavity [14, 15] . However, in this paper, for the first time to the best of our knowledge, we propose a distributed polarizer based on the short segment PANDA-type birefringent fiber possessing a polarizing effect.
Thus, we report on the erbium-doped all-fiber ring laser hybrid mode-locked with a SWNTs-based saturable absorber and NPE action in the cavity comprising a distributed fiber polarizer. Here, we focus on the pulse parameter evolution with respect to SWNTs film characteristics as well as provide clear comprehension of the hybrid mode-locking technique benefits.
Experimental Setup
The erbium-doped hybrid mode-locked fiber ring laser scheme is shown in Fig. 1 .
The ring cavity was formed with a 1.2-m-long alumina-silicate erbium-doped fiber (ErDF) with 10.6 μm mode field diameter and 5 × 10 −3 refractive index difference (corresponding to λc ≈ 1340 nm cutoff wavelength) having 11 dB/m small-signal absorption at 980 nm wavelength. ErDF was pumped with a 980 nm, 200 mW single-mode laser diode (SM-LD) through a 980/1550 WDM in accordance with the spectral peak of 4 I 12∕2 → 4 I 15∕2 absorption band of Er 3 ions. As ErDF parameters are very close to those of SMF28 fiber, the group velocity dispersion (GVD) values turned out to be close as well and amounted to D ErDF 18.9 ps∕nm × km and D SMF28 16.4 ps∕nm × km at 1560 nm wavelength, respectively.
The passive mode-locking was initiated by means of carboxymethylcellulose (CMC) polymer films with dispersed SWNTs synthesized with an arc-discharge technique. The SWNTs film preparation procedure has been described in detail elsewhere [6, 8] . In this work, for the first time to the best of our knowledge, we applied CMC film with dispersed boron nitridedoped SWCNTs (C:BNNTs) [12] as a saturable absorber in the laser cavity. C:BNNTs were synthesized using an arc-discharge procedure in a vacuum chamber with a stationary He atmosphere at 420 Torr. One of the electrodes had a cavity filled with a mixture of graphite (C), nickel (Ni) and yttrium oxide (Y 2 O 3 ) powders at ratio 2: 1: 1 by mass, with admixture of 5% boron nitride (BN, hexagonal phase) and 5% boron carbide (B 4 C), by mass. This electrode was evaporated using a direct current arc at 105 A and 40 V [12] .
The resulting soot was ultrasonicated using a Hielscher UP200H dispenser in deionized distilled H 2 O with carboxymethilcellulose (CMC) acting as a surfactant. Ratios were 0.1% soot and 1% CMC, by mass. This suspension was ultracentrifuged at 150,000 g using a Beckman Coulter Maxima-E centrifuge, and the transparent part of the suspension was extracted. Films were formed by drying this suspension of optical quality in a Petri dish at room temperature for 2 weeks.
In this work, four samples of CMC films with dispersed arc-discharge SWNTs were investigated. Three of them (samples #1-3) contained pure SWCNTs dispersed, but the fourth one (that is marked as #BN) incorporated C:BNNTs. The CMC film thickness was about 10 μm, while SWNT diameters were distributed around 1.4 nm. Small-signal transmission spectra of the given samples are demonstrated in Fig. 2(a) . As is seen, spectral maxima of the S1 absorption band are close to 1700 nm for all samples used. A small-signal transmission is varied from 55% (for sample #BN) to 83% (for sample #3) at the wavelength of 1555 nm.
Figure 2(b) shows absorption saturation behavior of SWNTs films that was measured with a commercially available 120 fs erbium-doped fiber laser. As is seen on Fig. 2(b) , the modulation depth of the #BN sample's saturable transmission (ΔT ≈ 18.4%) is ≈2 times larger than that of the sample #2 saturable transmission (ΔT ≈ 8.1%), which is quite beneficial for reliable mode-locking start-up. The saturation energy, E sat , (at the half ΔT level) was estimated to be 11.5 pJ (for sample #BN) and 23.4 pJ (for sample #2), corresponding to the saturation energy fluence of 12.9 μJ∕cm 2 and 26.2 μJ∕cm 2 , respectively. The saturation curve for sample #1 is almost overlapped with that of sample #2; thus, it is not presented. Since sample #3 is the most transparent, it was impossible to measure its saturation absorption behavior, owing to the inherent measurement inaccuracies. Indeed, a modulation depth of its transmission can be estimated as ΔT ≈ 1∕2%, e.g., being comparable to the measurement inaccuracy. As is seen on Fig. 2(b) , a more transparent SWNT absorber provides a smaller modulation depth of the film transmission as well as higher saturation fluence, which makes mode-locking (ML) initiation hard enough or even impossible in fiber lasers [4] .
CMC films were fixed between two angularpolished ferrules of APC optical connectors forming a common SAINT-module [5, 8] that was placed in the ring just before the WDM.
As mentioned above, an additional pulse shaping mechanism was realized through the NPE in the laser cavity. As a matter of fact, a key element of the NPE is a polarizer that introduces intensitydependent losses in the cavity. Here, we apply, for the first time to the best of our knowledge, specially developed birefringent silica-glass fiber that also exhibits a polarizing effect [so-called PZ-fiber (PZF)] [16] as an intracavity polarizer. The polarizing effect is based on the cutoff wavelength difference of the orthogonally polarized HE 11 fiber modes that originated from the anisotropic W-type refractive-index profile (RIP) [16] . The finite HE 11 -mode cutoff wavelength appears due to the additional depressed inner cladding (DIC) surrounding the fiber core [17, 18] . However, both the depth and the thickness of a DIC should be large enough to blueshift the HE 11 -mode cutoff wavelength [17, 18] . Meanwhile, even negligible DIC refractive index modification results in the cutoff wavelength shifting. Obviously, such a modification can be created by means of the stressinduced birefringence leading to the significantly separated cutoff wavelengths of the orthogonally polarized HE 11 fiber modes. The required birefringence can be created with boron-silicate rod inclusion (PANDA technology) [16] , elliptical DIC creation [19] , or a dual-hole fiber geometry [20] . As a result, orthogonally polarized HE 11 modes (slow and fast ones) undergo significantly different attenuations in some spectral bands (which is called an operating window) with a corresponding width strongly dependent on fiber parameters; thus, supporting truly single-polarization light propagation.
The polarizing fiber proposed was manufactured by means of the PANDA technology which implied boron-silicate rod inclusion for stress-induced birefringence creation. Its major (X) and minor (Y) axis RIPs as well as fiber cross section image are presented in Fig. 3 . The fiber has a 9.7 μm core surrounded by the circular inner cladding of 8.9 μm thickness and refractive index depression of Δn n2 − n3 ≈ −0.002 with respect to the pure silica glass (n3). 34-μm-thick boron-silicate rods with a refractive index depression of Δn n2 0 − n3 ≈ −0.011 nearly touch the fiber core, appreciably merging into the DIC. Taking into account measured RIP as well as a simulated stress distribution along the core and depressed cladding, mode birefringence (the difference of effective indices corresponding to the slow (X) and fast (Y) orthogonally polarized HE 11 fiber modes) was estimated as n X − n Y ≈ 2.5 · 10 −4 at 1560 nm wavelength. Furthermore, cutoff wavelengths for X and Y modes were calculated to be λ cut (X) ≈1.43 μm and λ cut (Y) ≈1.02 μm, respectively, expecting a rather wide spectral window of a single-polarization operation. It should be pointed out that a PZ-fiber bending down to a ∼10-cm-radius does not substantially have an effect on the attenuation of the slow mode over a spectral window, which can be understood from a strong HE 11 mode localization inside a core even for a cutoff propagation regime due to the considerable normalized cutoff frequency value (V cut ∼ 2) [16] . Figure 4 demonstrates experimental transmission spectra of the 0.7-m-long PZ-fiber segment (with regard to splicing losses to SMF28 fiber) for slow (dashed curve) and fast (solid curve) polarization modes. As is expected, the observed spectral window that is confined only with a bandwidth of the available probe source spreads out far from 1430 nm, having more than 200 nm width. Meanwhile, Fig. 4 shows the ratio of output powers of slow and fast modes [extinction ratio CdB 10 × lgP slow ∕Pf ast ] that evidently exceeds 20 dB in the 100-nm-wide spectral band centered at 1560 nm. Thus, PZ-fiber can be considered to be almost identical with a commercial pigtailed in-line polarizer. However, PZ-fiber introduces a noticeable amount of nonlinearity and dispersion, which affects the pulse propagation and, in turn, NPE realization.
The GVD introduced by the PZ-fiber was estimated from the measured RIP to be negative and amounted to D PZF 22 ps∕nm × km. The PZ-fiber segment was inserted into a cavity just between the SAINTmodule and a 3 dB fused fiber coupler needed for radiation extraction from the cavity. To complete the NPE setup, two polarization controllers (PC) at both ends of the PZ-fiber segment were included into the ring as well. A commercial fiber isolator (ISO) ensured unidirectional generation inside the cavity. It is worth noting that a SAINT-module position promotes more reliable operation of CMC films due to partly weakening of radiation successively transmitted through the coupler and PZ-fiber segment [8] .
Taking into account GVD values of different fibers composing a 4.4-m-long ring, the total intracavity GVD value was calculated to be D T ≈ −0.1 ps 2 . As a matter of fact, negative intracavity GVD supports a soliton-type USP generation shown earlier [1, 15] . Obviously, we keep in mind that being naturally stable pulses, solitons are resistant to perturbations caused by the cavity nonuniformity, which might facilitate mode-locking realization [1, 15] .
Here, we declare that a shortest pulse width was achieved through an appropriate PCs adjustment at different pump powers. During the experiments both interferometric and pulse intensity autocorrelations were measured, while pulse spectra were registered with the high resolution ANDO spectrum analyzer. The output port of a 3 dB coupler was shortened down to 0.5 m to reduce the influence of an external nonlinearity and dispersion on measured pulse characteristics.
Results and Discussion
Stable self-starting CW passive mode-locked generation was achieved in the laser presented in Fig. 1 . The pulse repetition rate was 45.5 MHz (which was in agreement with a total cavity length of L res 4.4 m) corresponding to a single pulse per round trip. There are no significant pulse amplitude modulations observed as is illustrated with pulse train images shown in Fig. 1 .
At first we compared performance characteristics of the hybrid and SWCNTs-only mode-locked lasers. Autocorrelation traces of pulse intensity as well as corresponding pulse spectra are depicted in Fig. 5 . The pump power was the same for each laser investigated and amounted to 94 mW, while the SWNT sample #1 was used for mode-locking initiation. The PZ-fiber in this case was substituted with an SMF28 fiber segment of the same length, preserving the total cavity length and the GVD value was almost unchanged.
As it is seen on Fig. 5 , in the case of the NPE involved, pulses (dashed curve, τ p 304 fs) are more than two times shorter than those generated in the SWNTs-only mode-locked laser (solid curve, τ p 677 fs). Furthermore, some narrow stochastic peaks are evidently seen near the spectrum center [solid curve in Fig. 5(b) ] referred to the SWNTs-only mode-locked laser. These peaks can be possibly attributed to the stochastic CW generation originated at the boundary of a single-pulse mode-locking stability range indicating a strong saturation of the SWNTs absorber. Indeed, further pump power increase results in the multipulse generation. Then, the laser turns into the unstable Q-switching generation, finishing with a CMC film crushing. The hybrid mode-locked laser, in turn, does not reveal multipulse behavior at all during a pump power growth; the mode-locked generation suddenly collapses into a CW one as a result of a CMC film crushing. The smooth spectrum without any noticeable distortions (dashed curve in Fig. 5 ) undoubtedly confirms a highly stable USP generation in the hybrid modelocked fiber laser. Meanwhile, narrow side-peaks appearing in the pulse spectrum are well-known Kelly peaks inherent to soliton fiber lasers [15] .
Taking into consideration the spectrum FWHM of Δλ 8 nm, the time-bandwidth product (TBP) for the given pulse amounts to Δν × τ p 0.302, being very close to the fundamental soliton TBP value of 0.315. Let us stress here that specific features of soliton-pulse generation are discussed more elaborately further.
Thus, the laser evidently emits rather long pulses also having insufficient quality without NPE action in the cavity. However, further pulse compression is limited in view of some intrinsic features of the SWNTs-based mode-locking performance. This disadvantage can be primarily attributed to some specific properties of the given SWNTs saturable absorber. We suggest that, in this case, the SWNTs absorber response time, τ rt , is the most crucial characteristic that strongly effects a mode-locking performance, since τ rt is also responsible for the saturation intensity value I sat ∝ ΔE∕σ SA × τ rt [21] . These two SA parameters in the co-action with a nonlinearity and dispersion in the cavity primarily drive USP build-up dynamics that is finished with a steadystate USP propagation [22] .
From previous results and discussion one can undoubtedly conclude that extremely fast NPE action in the laser cavity substantially improves pulse characteristics, making hybrid mode-locking beneficial for highly stable USP generation even in the case of the insufficient SWNTs-based absorber quality (slow absorber). Figure 6 shows optical spectra and autocorrelation traces of pulse intensity obtained from the hybrid mode-locked laser with different SWNTs samples at the same pump power of P pump 110 mW.
Though the laser pulse width varied from 258 fs for sample #1 to 303 fs for the #BN sample, having the averaged value of τ av ≈ 282 fs, the deviation of the laser pulse width from τ av did not exceed 9%. We suggest that this deviation originates from the measurement inaccuracy and the PCs adjustment inaccuracy resulted in slightly different pulse parameters. Nevertheless, despite such different SWNTs samples being used, the generated pulses are almost equal. It undoubtedly occurs due to the NPE action, proving its crucial influence on the pulse shaping process in the hybrid mode-locked laser. It is worth noting the fact that stable mode-locked generation was successfully realized even in the case of the most transparent SWNT sample #3, which was absolutely impossible without NPE application.
Hence, in the case of SWNT samples #BN, 1, and 2, stable ML generation was obtained in the pump power range from 70 mW (near ML threshold) to 150 mW. However, the ML stability area ranged from 94 to 130 mW pump power for the laser based on SWNT sample #3. Obviously, the ML stability area was significantly narrowed in the case of the sample #3 used. Moreover, ML start-up is required for timeconsuming PCs adjustments even in the center of the stability area (110 mW pump power). Thus, the NPE not only provides a pulse shaping mechanism but also facilitates mode-locking start-up.
Further, we proceed with achieving the shortest pulse generation. As follows from the soliton pulse behavior, the pulse energy increase results in the pulse width narrowing [15] . Thus, the laser pump power was enhanced until the mode-locking collapsed owing to the CMC film crushing. The shortest pulse width of τ min 222 fs was achieved in the case of SWNTs sample #1 (pure SWCNTs) at a pump power of 150 mW. Corresponding pulse spectrum (in logarithmic and linear scales) as well as autocorrelation trace is demonstrated in Fig. 7 . Anyone can see numerous Kelly side-peaks up to the 7th order appearing in the pulse spectrum. These peaks result from a phasematching interaction of a soliton and dispersive waves, emitted by a soliton undergoing nonuniform gain and loss as well as the influence of an excessive nonlinearity and dispersion during its cavity round trip [23, 24] . A soliton tends to tune the pulse width to its energy according to the soliton area theorem. The excessive energy, in turn, is transferred to dispersive waves further travelling along the cavity and interacting with a soliton [23, 24] . It is well-known that Kelly side-peak generation is one of the possible mechanisms accounted for the soliton instability that finally causes soliton pulse width limitation [25, 26] . Indeed, as is shown in Fig. 7(a) , 1st order Kelly side-peaks merge into the soliton spectrum, which leads to the related small pedestal modulation [27] evidently observed at the interferometric autocorrelation trace [see the inset in Fig. 7(b) ]. Such a modulation causes a soliton disturbance to also appear in a TBP reduction [26] down to Δν × τ p 0.28.
It was derived earlier [25] , that the shortest pulses generated in soliton fiber lasers had a duration, τ min , determined as
Thus, τ min is defined only with a net cavity dispersion value, D T , which can be obtained, in turn, from the Kelly side-peak position, Δλ n (the displacement from a soliton center wavelength) dependence on its order, n, according to the following expression [24, 26, 28] ,
Here, λ s is a soliton center wavelength, and hτi s is the soliton pulse width at a half-maximum level. Since this expression was derived assuming ideal solitons, some uncertainties in Kelly peaks positions could appear when substituting the measured pulse width, τ p , into this formula. Nevertheless, if an averaged soliton peak power, hPi s , is close to the fundamental soliton power, P 1 , these uncertainties are negligible [29] . It is obvious that 3 dB laser output provides nearly averaged intracavity pulse peak power, hPi s , that can be further compared to the fundamental soliton power.
As follows from expression (2), linear dependence of Δλ 2 n n has a slope B λ 4 s ∕πc 2 jD T j independent of the soliton pulse width hτi s . Thus, the intracavity dispersion can be written as Figure 8 shows Δλ 2 n n dependencies for different pulses generated. Corresponding slopes turned out to be almost equal within the accuracy of the fitting procedure giving the net cavity dispersion value of D T −0.069 ps 2 that improved the previously mentioned GVD value of −0.1 ps 2 . Undoubtedly, the GVD estimation with formulas (2) and (3) is more reliable, as proven elsewhere [28] . Taking into account the calculated GVD value, the shortest pulse width inherent to the given cavity amounts to τ min 198 fs according to Eq. (1). Thus, the obtained pulse width (τ min 222 fs) is very close to the predicted limit. As mentioned above, further pulse shortening was precluded as a result of the CMC film crushing followed by mode-locking break up. Figure 9 further illustrates soliton behavior of generated pulses, which also implies inverse pulse width dependence on the pulse energy: 1∕τ s ∝ Es [1, 15] . Its slope, S, is determined from the soliton area theorem as
Here, hβ 2 i D T ∕L res −15.7 ps 2 ∕km is the averaged cavity GVD coefficient; hγi is the averaged fiber nonlinearity coefficient which, in this case, is very close to that of the SMF28 fiber (due to the almost equal MFDs of all fibers used):
The averaged soliton order is designated as hNi.
As is apparent on Fig. 9 , the pulse energy growth is accompanied by the corresponding pulse width reduction showing almost inverse behavior. The linear fit of the experimental data yields a slope amounting to S 1.96 0.14 ps −1 ∕pJ for sample #BN and S 1.78 0.18 ps −1 ∕pJ for sample #1. It should be noted that the soliton energy, Es, was calculated taking into account the energy portion, η 1-Es∕Ep, transferred to dispersive waves. η is monotonically increased, reaching ≈23% (for sample #BN) and ≈13% (for sample #1) during a pulse energy growth as demonstrated in Fig. 9 . Assuming the value of S, it is possible to calculate the averaged soliton order, hNi, of generated pulses according to the following expression:
hNi turned out to be equal to 0.97 0.07 for sample #BN and 1.0 0.1 for sample #1, regardless of the pulse energy. Thus, we claim the generation of pulses being quite close to fundamental solitons (for them hNi 1). However, the corresponding TBP value is slightly increased (see the inset in Fig. 9 ) as a result of soliton perturbations during its cavity round trip. Although the obtained soliton pulse width is close to the predicted limit, the energy transferred to dispersive waves is significantly less than the energy of a soliton (η ≪ 0.5). Hence, we suppose that a suppression of dispersive waves in the cavity is strongly promoted by the SWNT-based SA that plays a role of a nonlinear filter [14] . Thus, SA undoubtedly helps to reach the shortest pulse width as well.
There is one more important question of whether it is possible to realize a mode-locking generation without SWNT-based SA in the cavity. It turned out that, despite the time-consuming PCs adjustment, modelocking generation was not realized for any pump power available (up to 200 mW). Here, we assume that a ML threshold has not been reached [21] due to the insufficient pump power.
In turn, some other aspects should be taken into consideration. Since the PZ-fiber segment is rather short (with regard to the cavity length) the influence of its dispersion during the USP start-up process can be considered as negligible. Nonetheless, pulses undergo strong nonlinearity influence during their propagation in the PZ-fiber segment (as compared to the bulk polarizer). Thus, it can lead to the nonlinear coupling of the PZ-fiber polarization modes (slow and fast ones) due to the cross phase modulation (XPM) modifying the nonlinear properties of the NPE mechanism, which can play a significant role during the ML start-up process in the laser Fig. 8 . Kelly side-peak position, Δλ 2 n (n), versus peak order (n) for different SWNT samples used: τ p 222 fs (sample #1), τ p 240 fs (sample #2). Fig. 9 . Soliton behavior of pulses generated in the hybrid modelocked all-fiber laser.
cavity. Further research is needed to clear up this ambiguity.
It is evident that SWNT-based SA presence in the cavity is crucial for reliable mode-locking triggering. Thus, we have realized a pure hybrid mode-locked laser that combines two complementing pulse shaping mechanisms. One of them (slow) accounts for initial pulse origination in the laser cavity whereas the other (fast) provides pulse stabilization as well as pulse shortening.
Conclusions
We have demonstrated a pure hybrid mode-locked erbium-doped soliton-type all-fiber ring laser. For the first time, to the best of our knowledge, hybrid modelocking was realized with a co-action of a saturable absorber based on the arc-discharge single-walled carbon nanotubes including boron-nitride-doped SWCNTs and a NPE in the cavity. Moreover, NPE was introduced through the implementation of the 0.7-m-long birefringent PANDA fiber possessing a more than 20 dB polarizing effect in the 100-nm-long spectral band centered at 1560 nm. It was experimentally shown that SWNTs-based SA triggers mode-locking generation and provides a nonlinear filtering and spurious CW radiation suppression, whereas NPE significantly improves generated pulses through their stabilization and shortening regardless of the SA characteristics.
The shortest achieved pulse width of near transform-limited solitons was 222 fs, which was very close to the predicted limit of 198 fs related to the GVD value of the laser cavity. The output average power reached in this case 9.1 mW, corresponding to 0.17 nJ pulse energy at 1560 nm generation wavelength.
The presented laser can be a basis for a number of fundamental and industrial applications, including the development of a bidirectional ring fiber laser for gyroscopic effect studies.
